■ INTRODUCTION
Colloidal quantum dots (QDs) have been extensively studied and developed for many applications, including solar cells, 1, 2 bioimaging 3,4 and biosensing. 5, 6 Many studies show that the fluorescence intensity of QDs was decreased (quenched) with the addition of free ions such as Zn 2+ , Cu 2+ , Ag + , Fe
3+
, Hg 2+ , Na + , K + , and Ca 2+ 6−14 to the QD solution, leading to the potential for QD-based ion sensor development. It was reported that the fluorescence intensity of water-dispersible CdSe−CdS/ZnS core−multishell QDs coated with 3-mercaptopropionic acids (3MPA, HSCH 2 CH 2 CO 2 H) was inversely and reversibly associated with the concentration of free Ca 2+ ions in the QD solution (pH = 7.2). 15 The pH value of the QD solution is known to greatly influence the fluorescence spectra of mercaptoacetic acid (MAA, HSCH 2 CO 2 H) coated QDs, even QDs embedded in polymer microcapsules; see, e.g., refs 16−18. Moreover, the pH effect was found to be reversible in the pH range between 6 and 9.
18 MAA-coated ZnS-capped CdSe QDs 16 and MAA-coated CdTe QDs 17 were reported to be highly fluorescent at high pH, while high fluorescence at pH = 6 and low at pH = 9 from MAA-stabilized CdTe QDs were also reported. 18 Fluorescence intensity and lifetime of cysteamine-(HSCH 2 CH 2 NH 2 -) capped CdTeSe-ZnS core−shell QDs were shown to decrease at low pH values. 19 Two critical issues arise here, the first of which concerns the physical and chemical nature of the surface ligands on the QD surface at different pH values, and the second of which regards the interactions between free ions and QDs, in order to understand the experimental observations. They are also among the first questions we must fully understand before putting QDs into any in vitro and/or an in vivo bio system. In this work we attempted to find experimental and theoretical means to illuminate these issues by studying 3MPA-coated CdSe−CdS/ Cd 0.5 Zn 0.5 S/ZnS core−multishell QDs, denoted simply as QD-3MPA. Hg 2+ -induced QD aggregation was proposed to explain the reduction of QD fluorescence intensity in the presence of Hg 2+ ions. 20 This aggregation may not effectively explain the reported reversible modification of QD fluorescence properties induced by adding and removing Ca 2+ to and from the QD solutions since characteristic fluorescence blinking of single QDs was still observed in the presence of Ca 2+ ions, i.e., QDs remained single in the presence of Ca 2+ ions. 15 Early theoretical studies showed that a free Ca 2+ ion can interact with QD-3MPA via Coulombic interaction, fixing QD-3MPA and Ca 2+ as one complex, denoted as QD-3MPA−Ca 2+ . 15 However, the stability of such a complex has not been confirmed experimentally. One possible experimental method is to measure the temperature effect since collisional quenching depends strongly on the temperature due to thermal motions of the collision partners. However, QD fluorescence intensity depends also on the temperature. 21, 22 Novel experimental methods are therefore to be devised to unravel the microscopic nature of the interaction between Ca 2+ and QD-3MPA. Electrophoresis is widely used in biochemistry to separate molecules according to their sizes and charges. It has also been used in studying colloidal QDs. 4 ,23−25 QD fluorescence lifetime measurement was analyzed to study the microscopic exciton states of the QD. 26 It was also used to measure pK a of cysteamine capped CdTeSe−ZnS core−shell QDs. 19 In this work, we studied the nature of the QD-3MPA surface and the interaction between Ca 2+ and QD-3MPA using electrophoresis, QD fluorescence and its lifetime measurement, and firstprinciples study. The basic hypothesis is as follows: Acid dissociated QD-3MPA is expected to be negatively charged and its migration toward the anode should depend upon the degree of acid dissociation of 3MPA on the QD surface. If Ca 2+ interacts strongly with acid dissociated QD-3MPA to form a stable QD-3MPA−Ca 2+ complex, the QD-3MPA−Ca 2+ complex should be less negatively charged, and its migration toward the anode is expected to be slower than that of QD-3MPA. However, if the interaction between Ca 2+ and QD-3MPA is largely collisional, the addition of Ca 2+ will not significantly affect the electrophoretic mobility of QD-3MPA. The charges resulting from acid dissociation and binding with Ca 2+ and their distribution on the QD surface will affect the exciton states of the QD and therefore be reflected in the QD fluorescence intensity and lifetime spectra.
■ MATERIALS AND METHODS
QD Samples. Water-dispersible CdSe−CdS/Cd 0.5 Zn 0.5 S/ ZnS core−multishell QDs were fabricated in-house using common recipes. 27 Standard structure characterizations including core, shell, QD size distribution and surface ligands of these QDs have been performed, and details were published; see, e.g., refs 28 and 29. Consisting of a CdSe core, a CdS shell of 2 monolayers, another shell of 1 monolayer Cd 0.5 Zn 0.5 S, and 1.5 monolayer ZnS, these QDs were coated with 3MPA surface ligands and had fluorescence peaks around 600 nm at room temperature. The peak wavelength varied slightly from different growth batches and different QDs were denoted by their fluorescence peak wavelengths such as QD600 denotes QDs with a fluorescence peak at 600 nm. Our QDs were dispersed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing 50 mM HEPES and 23 mM NaOH at pH = 7.2. Figure 1a shows one transmission electron microscope (TEM) image of QD600 and the fluorescence spectra are presented in parts b (QD600 at different pH values) and c (QD612 in the presence of Ca 2+ ions). The QD size of each growth batch was uniform with a standard deviation of about 0.5 nm. The full width at half-maximum (fwhm) of the QD fluorescence peaks was approximately 25 nm, which was shown to be intrinsic in the fluorescence of colloidal QDs. 26 The pH value of the QD solution was modified by adding HCl or NaOH, while stock solutions of Ca 2+ (1 M CaCl 2 ) and 0.5 M EGTA were prepared in the HEPES buffer. A small volume of Ca 2+ stock solution was injected into five of six 0.5 mL Eppendorf tubes (each containing 0.3 mL of QD solution) to reach final Ca 2+ concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 mM, respectively. For example, 0.15 μL of 1 M Ca 2+ stock solution was added to the 0.3 mL QD solution to attain 0.5 mM Ca
2+
, making the volume change of the QD solution negligible after adding Ca
. The six Eppendorf tubes were shaken first by hand then placed on a Heidolph Reax 2000 shaker at speed 2 so that the contents were thoroughly mixed. Afterward, the samples were incubated at room temperature for 30 min to ensure that the interactions between QD-3MPA and Ca 2+ were completed before fluorescence and electrophoresis experiments. The six QD samples were denoted as The fluorescence spectra of QD samples were measured by an optical spectrometer (FluoroMax-3 Horiba Jobin Yvon) and are presented in Figure 1 , parts b and c. As earlier reported, the QD fluorescence depended on the pH value of the QD solution The agarose gel concentration was 1.5%, and was run at 60 V for 5 h, with short interruptions for taking photos under a UV table using a common CCD digital camera equipped with a UV lens filter. We also recorded the photos by using the 600 channel with a diffuse light source at 520 nm of a Dual-Mode Imaging System Odyssey Fc (LI-COR). Both recording methods gave exactly the same results. The QD fluorescence signal was presented as red in the photos. Moreover, we calibrated the voltage distribution in the gel box. At 60 V, the electric field was found to be uniform and the value was 3.89 V/ cm, and at 40 V, it was 2.57 V/cm, i.e., 3.89:2.57 ≈ 60: 40, showing that the electric field in the gel box was linear. Similar bias and time duration (100 V for 1.5 h) were used for amino QDs, 4 while Pons et al. applied an electric field of 30 V/cm for 20 s followed by 15 V/cm for 15 min. 23 The loading of the QD samples on the gel was performed in two different ways: (1) 100 μL QD samples were first loaded into the loading wells, then covered with 70 μL gel. Electrophoresis was run 10 min later after the covering gel had become hardened. Note that the volumes of the loaded QD samples were very large when compared with our early work 4 (100 vs 1 μL). Such large loading volumes were required in order to visualize the QD fluorescence signals from QD samples with a QD concentration of only 35 nM (which was due to the up-limits of the biologically relevant concentrations of Ca 2+ and EGTA 15 ). (2) QD samples were first mixed with a loading buffer (60% glycerol in HEPES) at a ratio of 5:1 and then loaded into the loading wells. Glycerol makes the sample buffer denser than the surrounding buffer of the gel, thus enabling easy sample loading into the wells and reducing the diffusion of the samples out of the wells.
QD Fluorescence Lifetime Measurement. We performed time-resolved fluorescence measurements of our QDs in the following manner using a time-correlated single-photon counting machine (FluoroMax-3, Horiba Jobin Yvon). A spectral line centered at 495 nm with a 2 nm bandpass from a pulsed light-emitting diode (peak wavelength 495 and 30 nm fwhm) was led to the cuvette containing the QD aqueous solution in the form of a train of pulses (pulse duration was ca. 1.4 ns) at 1 MHz. The detector was set at the QD fluorescence peak wavelength with a bandpass of 2 nm. There were 2048 TAC channels with a variable integration time δ ranging from 50 ns to 1 μs. The photon counting was stopped when the maximal number of photon counts of the TAC channels reached a preset maximal photon-count value N max . δ and N max were adjusted in order to reach a high signal-to-noise ratio.
■ RESULTS AND DISCUSSIONS
Acid Dissociation of 3-MPA Ligands on QD. The carboxylic group of 3MPA was shown to be largely acid dissociated for pH values higher than 5 by Raman spectral study. 30 pK a = 4.34 is given in a book from 2008. 31 It was reported in 2008 that the apparent surface pK a of 3MPA on gold varied. 32 No report so far has been published about pK a of 3MPA ligands on colloidal QDs. The equilibrium of the acid dissociation can be written as in standard textbook format
where [3MPA] − denotes the dissociated 3MPA. Since the concentration of H + is determined by the pH value of the QD solution, i.e., pH = −log 10 [H + ], the ratio between dissociated and undissociated 3MPA ligands is
For pH = 7.34 and pK a = 4.34, β = 10 3 , meaning that 3MPA ligands are largely dissociated. 33 The dissociation of 3MPA ligands on the QD surface was qualitatively confirmed by the electrophoresis where our QD-3MPA migrated toward the anode and was thus negatively charged. The quantification of the dissociation of 3MPA ligands on the QD surface is, however, very complicated.
It was reported that the number of surface ligands per nm 2 on the surface of one QD ranges from 1 to 5 34 based on which we expected about 88 to 440 surface ligands per QD for our QDs of 5.6 nm in diameter. On the other hand, it is easy to estimate the maximal surface density of 3MPA ligands, which is about one 3MPA ligand per two Zn atoms, when the long axis of the 3MPA ligands is positioned normal to the QD surface. For our QD of approximately 5.6 nm in diameter, the number of surface Zn atoms is about 1000, 35 indicating that the number of 3MPA ligands per QD is 500, which agrees well with the above value of 440. The picture of all these 3MPA ligands per one QD being dissociated is not very realistic mostly due to the implicated huge electrostatic repulsion among terminal carboxylates of so many deprotonated 3MPA ligands on one QD of only 5 nm in diameter.
To quantify the degree of acid dissociation of 3MPA ligands on the QD surface, we performed electrophoresis of our QD-3MPA at different pH values of the gel buffer solution and the result is presented in Figure 2 . We were aware of pK a = 8.06 for Tris base and 4.8 for acetic acid so that the results of pH = 7.2, 6, and 5 in Figure 2 might not reflect the true electrophoretic mobilities of our QDs at these pH values. The extrapolation from pH = 9 and 8.2 to low pH values, i.e., the dashed line in Figure 2 , shows that when the pH value of the gel buffer solution is larger than a certain value between 6 and 7, our QDs started to migrate toward the anode, indicating the beginning of the detectable acid dissociation. It was therefore concluded that
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Note that the fluorescence of QDs was extremely weak after 1 h of electrophoresis when the pH value of the gel buffer solution was below 7. The brightness of photos of pH = 5 and 6 in Figure 2 was therefore enhanced in order to visualize the positions of the loading wells. The decrease of the QD fluorescence in the gel buffer solution was expected due to interactions between QDs and ions, see more discussions below.
In order to understand Figure 2 in terms of pK a = 4.34 of free 3MPA, 31 we measured the fluorescence intensity and decay spectra of QD-3MPA solutions at different pH values. The results are presented in Figures 1b and 3 , showing that at pH value above pK a of free 3MPA ligands, the florescence intensity increased following the increase of pH value while the fluorescence decay spectrum was insensitive to the pH variation. For pH < pK a , both the fluorescence intensity and lifetime drastically decreased. Using the analysis method of ref.
, 26 it was obtained that the energy relaxation time τ was ca. 2.0 ns and the radiative recombination time β ca. 8.1 ns for pH values ranging from 8.86 to 3.93. We further noticed a small red shift in the QD fluorescence peak at low pH values in Figure 1b as mentioned before.
To understand the drastic change in both the fluorescence intensity and the fluorescence decay spectra when the pH value was decreased below 4, we studied the QD solution using confocal microscopic imaging. Here we found significant QD precipitations at low pH values. Figure 4a shows the QD solutions (QD concentration ca. 200 nM) on a UV table 1 day and 5 days after pH value modification, where we observed clearly the QD precipitation at pH = 3.5. Note the samples were kept still at 4°C for the whole 5 days except when they were carefully placed on the UV table for photographing. The microscopic process was now unraveled: At pH = 2.4, the fluorescence was reduced directly after the pH modification. Nothing happened immediately after the pH value was modified from 7.2 to 3.5. However, 1 day later, QDs at pH = 3.5 began to form clusters then precipitated due to gravity. We deposited one drop of the QD solution into a circular area formed by nail polish on a microscope slide then covered it by a coverslip. Fluorescence emissions from QDs deposited on the microscope slides were excited by a 405 nm excitation laser using a confocal microscope (Zeiss LSM 780) with a PlanApochromat 20 × /0.8 objective (Carl Zeiss) and recorded with a spectral resolution of 2.9 nm. The image frame size was 423 × 423 μm 2 (pixel size 1.66 × 1.66 μm 2 ). Software ImageJ was used to obtain the fluorescence spectra of QDs from randomly chosen fluorescent spots (3 × 3 pixels), which were normalized by their peak fluorescent intensities and presented in Figure 4b . Here the correlation between the QD precipitation and fluorescence spectrum was clearly demonstrated. And the red-shift of the fluorescence peak was reconfirmed, which was principally due to the quantum size effect (large QDs emit at long wavelength). A large QD size implies a reduced quantum confinement so that the radiative recombination of the exciton inside the QD is reduced, resulting in the reduced fluorescence intensity, 36 which was reflected in both Figures 1b and 4b. The drastic changes in Figure 3 when pH < 3.9 (see also the increased noise level of the lifetime curve of pH = 3.7 in Figure  3b) were the results of QD precipitation. Since aggregated QDs were shown to fluoresce less than dispersed QDs, 37 while the QD dispersion in water is mainly due to the electrostatic repulsion among QDs, we concluded that for pH below 4, 3MPA on the QD were undissociated so that QD-3MPA was not charged, leading to the observed QD precipitations and thereafter the drastic fluorescence and lifetime reductions. Figure 3 indicates that when the pH value of the QD solution was higher than pK a of the free 3MPA ligands, 3MPA-coated QDs started acid dissociation. The impart of pH-dependent pK a of surface ligands to QDs was reported for cysteamine capped CdTeSe−ZnS core−shell QDs. 19 Above pK a , the acid dissociation degree of 3MPA on the QD surface increased following the increase of the pH value, resulting in the increased QD fluorescence intensity due to less precipitation. Because of the large number of 3MPA ligands on the QD surface and the dynamic nature of the acid dissociation and association, we can envisage a spherical H + cloud surrounding acid dissociated QD-3MPA, see Figure 5 . Acid dissociation degree is low at low pH, resulting in a dense H + cloud; At high pH, the acid dissociation is increased and the H + cloud becomes thin. Using the quantum mechanical picture of QD exciton states of ref., 26 it was easy to understand that because of the spherical symmetric distribution of the H + cloud on the QD surface, the degree of 3MPA acid dissociation on the QD surface would not affect the exciton states inside the QD, making the fluorescence decay of the QD largely pHindependent, as shown in Figure 3b .
In order to understand the limited electrophoretic mobility of QDs at pH below 7 in Figure 2 , we followed the general theoretical framework of Strating and Wiegel 38 to calculate electric screening effect on a charged QD exerted by its surrounding counterions in the gel buffer solution. We consider a spherical QD so we work in the spherical coordinate system to utilize the spherical symmetry of our system. Let the QD sit at the origin of the spherical coordinate system. The radius of the QD is R and the QD is charged with −Qe, where e is the unit charge. We consider two types of counterions in the gel buffer solution whose concentrations are denoted as ρ 1 (r) positively charged with e and ρ 2 (r) negatively charged with − e (only one type of counterions was considered in ref 38 ). The local current density of counterions is given by
where D 1 and D 2 are diffusion coefficients and μ 1 and μ 2 are mobilities, which are related by the Einstein relation D/μ = k B T, where k B is the Boltzmann's constant and T the temperature. ϕ is the electric potential determined by the Poisson equation
for r > R. At thermal equilibrium, j 1 = j 2 = 0 so that
Numerical results of ϕ(r), ρ 1 (r) and ρ 2 (r) are shown in Figure 6 . Here ϵ = ϵ r ϵ 0 , ϵ r = 80 for water at room temperature.
Near the QD surface, ρ 1 was much increased due to Coulomb attraction while ρ 2 was decreased, resulting in the expected screening effect. As previously indicated, our gel buffer solution contained 40 mM Tris base and 20 mM acetic acid and the pH value was modified by adding HCl or NaOH, for which we expected ρ 0 to be in the order of 50 mM. For ρ 0 = 50 mM, ϕ is only −0.8 mV at the QD surface. By comparing with ϕ = −3.6 mV for ρ 0 = 0, it was concluded that the QD was strongly screened, which was quantified by introducing a parameter called the apparent charge −Q′ defined by whose numerical results were shown in the inset in Figure 6 . The small electrophoretic mobility of QDs at pH below 7 was thus the result of the electric screening of the QD surface charge by ions of high concentrations in the gel buffer solution.
Electrophoretic Mobility of QD-3MPA vs Ca 2+ and EGTA. Figure 7 displays the photos of the QD samples at various times of electrophoresis. QD-3MPA (sample 1) moved toward the anode, indicating that these QDs were acid dissociated and thus negatively charged. We observed here that the migration of the acid dissociated QD-3MPA under the electric field was slowed down by Ca 2+ (samples 2, 3, 4, 5, and 6 of 35-nM QDs with 0.5, 1.0, 1.5, 2.0, and 2.5 mM Ca 2+ , respectively), see Figure 7 (a), and the further addition of EGTA (samples 2′, 3′, 4′, 5′, and 6′ of 35-nM QDs with 0.5, 1.0, 1.5, 2.0, and 2.5 mM Ca 2+ and EGTA, respectively) restored the electrophoretic mobility of QD-3MPA toward the anode, see Figure 7b . Most importantly, Figure 7a shows that the electrophoretic mobility of QD-3MPA was maximally diminished in the presence of more than 2.0-mM Ca 2+ (sample 6), which was exactly the same Ca 2+ concentration required to maximally quench the fluorescence of 35-nM QDs, see Figure  1c . Note that the electrophoresis was run continuously for more than 4 h. This indicates clearly that the interaction between Ca 2+ and dissociated QD-3MPA is very strong, resulting in QD-3MPA−Ca 2+ being a stable charge-neutral complex when the concentration of Ca 2+ ions reached 2.5 mM for 35-nM QDs. Otherwise, such as in the situation of collisional interaction, dissociated QD-3MPA and Ca 2+ were gradually separated in space by the electric field so that we would not observe the clean and persistent decrease of the electrophoretic mobility of QD-3MPA in the presence of Ca 2+ ions.
We noticed the stretched tails in all columns. To understand it, we loaded QD samples in a different way. Figure 8 shows the photos of the QD samples on UV light, where the QD samples were first mixed with glycerol and then loaded. Exactly the same phenomena regarding the electrophoretic mobility of the QDs were observed here as in Figure 7 , while the loading wells were now devoid of QDs after applying the voltage. This suggests that covering loading wells with gel caused retention of QDs in the loading wells and the high gel concentration of 1.5% may be the reason for the persistent QD tails in Figures 7  and 8 .
Another possible cause of the QD tails is a distribution of different species in a given reaction mixture such as undissociated and dissociated QD-3MPA, QD-3MPA−Ca 2+ complex, as well as the dynamic processes of acid dissociation and interactions among species. To clarify this, we reduced the gel concentration to 0.5% and found that the tail was significantly reduced, see Figure 9a . It is thus concluded that a small amount of QDs get stuck in the gel matrix during electrophoresis. We restored the gel concentration to 1.5% while increased the QD concentration to a few μM, as used in most electrophoresis experiments. 4, 23 The results are shown in Figure 9 , parts b and b′. It is observed here that the QD tails were no longer visible when the fluorescence signal from highly concentrated QDs was recorded by auto exposure mode, while the tails became visible when the exposure time was prolonged, and the intensities of the tails were more or less the same for different QD concentrations (35 nm, 350 nM, 700 nM, 3.5 μM and 7.0 μM studied here), see Figure 9b′ . We thus showed that the persistent QD tails in Figures 7 and 8 were largely caused by the retention of QDs in the gel.
The weak dependence of the tails on the QD concentration in Figure 9b′ also ruled out the possibilities of significant QD size effect and/or nonhomogeneous 3-MPA coating on the QD surface since they would imply a tail which is proportional to the QD concentration.
Figures 7, 8 and 9 demonstrate that there was a strong interaction between the dissociated QD-3MPA and Ca 2+ which resulted in the stable charge-neutral QD-3MPA−Ca 2+ complex and that the fluorescence and electrophoretic mobility of the dissociated QD-3MPA were largely quenched by the closely attached Ca 2+ , which were revived by adding EGTA that chelated the Ca 2+ ion away from the dissociated QD-3MPA. We also studied the electrophoretic mobility of our QDs when only EGTA (1.0 mM) was added to the QD solutions and found out that EGTA did not change QDs' electrophoretic mobility (it did, however, modify QDs' fluorescence intensity, see also ref. 15 ). This is consistent with the fact that EDTA, which is similar to EGTA normally present in the buffer solution of electrophoresis, did not affect the QDs' electrophoretic mobility. 4, 23 Fluorescence lifetime spectra of QD-3MPA solutions in the presence of different Ca 2+ concentrations are presented in Figure 10a . By using the quantum mechanical model of exciton states in the QD of ref 26, we obtained the relaxation time τ of photoexcited exciton to the exciton ground state and the exciton radiative recombination time β as functions of Ca 2+ concentration presented in Figure 10b . It was clearly observed that the exciton relaxation time τ was inversely proportional to the Ca 2+ concentration, while exciton radiative recombination time β increased following the increase of the Ca 2+ concentration. This was very different from the fluorescence decay spectra of different pH values shown in Figure 3 , where the fluorescence decay spectrum remained largely unchanged when the pH value of the QD solution was modified (for pH > 4). Note that β of the QD sample with 0.1 mM Ca 2+ ions was abnormal due to measurement errors marked by vertical arrows in the inset of Figure 10a (which is hardly perceptible in F(t) itself).
The different behaviors of the fluorescence decay data fit the microscopic picture of the exciton states in the QD. At pH > 4 QDs remained largely single in the QD solution. The acid association of 3MPA ligands on the QD surface is spherical (see Figure 5 ) so that the wave functions of electron and hole states inside the QD remained spherical, independent of the degree of the acid association. τ and β were therefore largely pHindependent. On the other hand, an association of one Ca 2+ ion on the QD surface attracts the electron and repels the hole so that the radiative recombination time β between the electron and the hole is increased. Meanwhile, energy relaxation time τ of the photoexcited exciton was decreased by the Ca 2+ association since the electron and hole wave functions were edging toward the QD surface so were more accessible to surface states which increased the energy relaxation process (thus a reduced energy relaxation time).
Optical Spectrum of QDs during Electrophoresis. While the decrease of the QD fluorescence intensity due to the addition of Ca 2+ was not very clearly delineated in the photos of electrophoresis, mostly due to the auto exposure mode of the camera, see Figures 7a and 8a , it was nevertheless present in the fluorescence spectra of these QD samples, see Figure 1c .
The fluorescence of QDs was greatly affected by the agarose gel electrophoresis. As shown in Figures 7 and 8 , the fluorescence intensity became weak along the course of electrophoresis. One obvious factor was the tail and diffusion of QDs in the gel matrix. We used a Thorlabs CCS100 spectrometer and a laser of 402 nm (laser spot size ca. 1 mm in diameter) to measure the fluorescence spectrum of QDs along the vertical line shown in Figure 9b′ , see the schematic setup in Figure 11a . The spectrum as a function of the z position is presented in Figure 11b showing the migration and diffusion of QDs. The fluorescence peak wavelength of QDs remained unchanged during electrophoresis. Note that a dip at 603 nm existed in all the spectra which was caused by a black pixel in our spectrometer.
Discussions and Theoretical Studies of Acid Dissociation of QD-3MPA and Interaction with Ca 2+ . Our QDs consisted of CdSe cores and CdS/Cd 0.5 Zn 0.5 S/ZnS multishells. The materials, CdS and ZnS, used for the multishell structure, have larger energy bandgaps than that of CdSe so that the wave functions of the photoexcited electron and hole are largely confined to the CdSe core region, the radiative recombination of the electron and hole is thus protected from many nonradiative factors outside of the CdSe core. However, the large energy bandgaps of CdS and ZnS are still finite so that the wave functions of the electron and hole will unavoidably penetrate the multishell structure to reach QD's surface and environment. 28 When a positively charged Ca 2+ ion binds the QD surface, it generates a long-range electrostatic potential to attract the wave function of the electron and repel the wave function of the hole. The effects are 2-fold. First of all, the wave functions of the electron and the hole are separated in space so that their radiative recombination is reduced, resulting in a reduced fluorescence intensity and a longer radiative recombination lifetime β in Figure 10b . Second, as the spatial distributions of the wave functions of the electron and the hole are now shifted toward the QD surface, surface states of the QD and QD's dielectric medium affect more strongly the electron and the hole and thereafter QD's fluorescence properties, resulting in a faster energy relaxation process τ shown Figure 10b .
To understand the physical and chemical nature about 3MPA on the QD surface and the interaction between QD-3MPA and Ca 2+ based on our experimental results, we performed first-principles studies. All geometries were fully optimized through the hybrid exchange-correlation functional B3LYP 39−42 in combination with all-electron split valence 6-31G(d) basis set for nonmetal atoms 43 and LANL2DZ for transition metal ions. Vibrational analyses were conducted at the same level. Solvent effects were included by using the conductor-like polarizable continuum model (CPCM) 44, 45 with the molecular cavity defined by UAKS radii. The calculations were carried out with Gaussian 09 program. 46 A Zn 6 S 6 −3MPA cluster was chosen to model our QD-3MPA. 27 The proton affinity (ΔG) of the Zn 6 S 6 −3MPA cluster, computed by subtracting the energies of the proton (H + ) and the dissociated [Zn 6 (7)
is used to measure the acid strength of QD-3MPA. Here, G is the Gibbs free energy with thermal correction at 298.15 K. The calculated proton affinity ΔG for the Zn 6 S 6 −3MPA cluster was −13.171 eV in gas phase and −8.387 eV in water. This clearly indicated the ability of the Zn 6 S 6 −3MPA cluster to acid dissociate in water, which agrees quantitatively with the experimental observation that our QD-3MPA in water was negatively charged. By including the solvent effects, the computed interaction between undissociated Zn 6 S 6 −3MPA cluster and Ca 2+ was 5.477 eV in gas phase and 0.497 eV in water, and the computed interaction between dissociated Zn 6 S 6 −3MPA and Ca 2+ was 12.411 eV in gas phase and 1.048 eV in water, respectively. Here we first observed a large reduction in the interaction in water which is mainly due to the screening effect caused by the polar water molecules. Figure 12 shows the optimized structures of undissociated and dissociated Zn 6 S 6 −3MPA cluster and Ca 2+ in water. Our calculations thus show that dissociated Zn 6 S 6 −3MPA interacted more strongly with Ca 2+ owing to the ionic nature of the interaction.
To address the binding of multiple 3MPA ligands to the external ZnS surface of our QD, we chose the (0001) surface of ZnS and performed first-principles simulation with Perdew− Burke−Ernzerhof generalized gradient approximation exchange and correlation functionals 47 using plane-wave basis sets implemented in Vienna ab initio simulation package (VASP). 48−50 A cutoff dynamic energy of 400 eV was used, and the nuclei and core electrons of the atoms were described using projector augmented-wave (PAW) potentials. 51, 52 For interactions over the Brillouin zone, we used a 5 × 5 × 1 Monkhorst−Pack grid. 53 A 4 × 2 supercell was employed. A slab model of ZnS (0001) surfaces with 4 atomic layers was considered (totally 32 atoms), with a 10 Å vacuum region between two successive slabs. The positions of the atoms in the two bottom layers were fixed, while the spatial positions of other atoms were allowed to be relaxed. Note that the current VASP study did not include solvent effects.
As discussed above, there were two 3-MPA ligands in our slab model, i.e., one 3MPA ligand for every two Zn atoms at the QD surface. To find the optical geometrical positions of the two 3MPA ligands on the ZnS surface, we calculated the total energy as a function of the spatial separation between the two 3MPA ligands. Four alternatives were studied, namely, 3.812, 4.938, 7.650, and 8.752 Å, on the ZnS (0001) surface and it was found that the most energetically favored structure was the one when the two 3MPA ligands were separated initially by 7.650 Å, see Figure 13 .
We notice that in Figure 13 , the 3MPA ligands attach to the QD surface at tilted angles so that one oxygen atom of the carboxyl group (not the oxygen atom at the hydroxyl terminal) interacts with the ZnS surface (most clearly in the xz side view). This coupling results in a tighter packing of the carboxyl group toward the ZnS surface. Such a geometrical steric effect will hinder the O−H bond dissociation, i.e., the acid dissociation of the 3MPA ligand, which may be the very reason for the limited degree of acid dissociation of QD-3MPA at pH value below 7 shown in Figure 2 . With an increase of the pH value, the increased concentration of the hydroxide molecules in the QD solution is expected to disrupt the interaction between the carboxyl group of the 3MPA ligand and the QD surface. This, in turn, forces the carboxyl group of the 3MPA molecule to extend into the solution, thus increasing the acid dissociation, and therefore the charge per QD as the pH value increases. We subsequently positioned one Ca 2+ ion initially at the terminal regions of the two acid dissociated 3MPA ligands to study its interaction with the carboxyl groups of the two ligands via electrostatic interactions. Moreover, we also investigated another binding possibility, namely, Ca 2+ ion close to the ZnS surface with couplings to both the S atoms of the 3MPA ligands and the ZnS surface. The optimized structures of the two approaches are presented in Figure 14 . Two small horizontal arrows in the yz side views mark the trajectories of the Ca 2+ ions during structure optimizations. The binding energy of the first approach was 9.841 eV, it was 6.951 eV for the second approach. The reason for the difference in the interaction energies can be well understood by analyzing the optimized structures.
In the first binding approach of Figure 14a , Ca 2+ interacts almost equally with the two ligands. Because of the negative charges in the terminal regions of the ligands, one of the oxygen atom in the carboxyl group of one ligand interacts with the ZnS surface by forming an O−Zn bond of 1.96 Å. The other oxygen in the carboxyl group interacts with Ca 2+ ion at a distance of 2.52 Å to one ligand and 2.42 Å to the other ligand. Furthermore, Ca 2+ interacts with two S atoms of the 3MPA ligands at a distance of 3.00 Å, in addition to the interaction with the surface S atom at a distance of 3.03 Å.
In the second binding approach of Figure 14b , the oxygen atom in the carboxyl group of one ligand interacts with Ca 2+ very tightly at a distance of 2.09 Å, which hinders the interaction between the other oxygen atom in the same carboxyl group and the Zn ion of the ZnS surface. The two oxygen atoms in the other ligand interact with Ca 2+ at the distances similar to that in Figure 14a . In addition, the two S atoms in the ligands interact with Ca 2+ with the shortest distance of 3.20 Å which is considerably longer than that in Figure 14(a) .
The conformations of Figure 14 , parts a and b, are rather alike in general, all showing that the paired dissociated 3MPA ligands on the QD surface associate tightly with one Ca 2+ via strong Coulombic interactions. This was already shown experimentally, i.e., the modifications in the electrophoretic mobility and optical properties of 3MPA-coated QDs without Ca 2+ ions and in the presence of Ca 2+ ions. Most interestingly, the two conformations of Figure 14 , parts a and b, show a remarkable resemblance to the one of the EGTA that chelates much strongly Ca 2+ .
■ CONCLUSION
In a brief summary, we carefully devised electrophoresis and optical characterization experiments as qualitative indications of acid dissociation of mercaptoproionic acid coated CdSe−CdS/ Cd 0.5 Zn 0.5 S/ZnS core−multishell quantum dots (3-MPAcoated QDs) and developed a clear understanding of the nature of the 3MPA on the QD surface and interactions between 3MPA-coated QDs and Ca 2+ ions in media with varying pH values. We probed changes in the electrophoretic mobility of the 3MPA-coated QDs when mixed with different concentrations of Ca 2+ and further tested the effects of adding EGTA chelator to the mixture. It was found that, at pH below 7.0, the electrophoretic mobility of the 3MPA-coated QDs was very limited. When pH > 7.0, 3MPA-coated QDs were negatively charged due to the acid dissociation of the carboxyl group (acid-dissociated QDs) of 3MPA ligands on the QD surface. The acid-dissociated QD interacted strongly with Ca 2+ ions, resulting in a stable charge neutral QD-3MPA−Ca 2+ complex with a significantly reduced electrophoretic mobility. When EGTA was added to chelate Ca 2+ and free the aciddissociated QD-3MPA, the acid-dissociated QD-3MPA regained its original electrophoretic mobility. We applied firstprinciples calculations to understand our experimental results at microscopic level, unraveling the limited acid dissociation of 3MPA surface ligands on the QD surface in water and the strong ionic interaction between acid dissociated 3MPA-coated QD and Ca
2+
. The insights obtained in this work can be very useful for developing QD-based microscopic biosensor.
Moreover, the strategy and techniques reported in this work are readily transferrable to other types of fluorescent biomarkers and therefore can be important for advancing QD applications in biological media such as in vivo and in vitro imaging, sensing and labeling. 
